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Abstract 

Background: Lignin is a complex polymer which inhibits the enzymatic conversion of cellulose to glucose in 
lignocellulose biomass for biofuel production. Cellulase enzymes irreversibly bind to lignin, deactivating the enzyme 
and lowering the overall activity of the hydrolyzing reaction solution. Within this study, atomic force microscopy 
(AFM) is used to compare the adhesion forces between cellulase and lignin with the forces between cellulase and 
cellulose, and to study the moiety groups involved in binding of cellulase to lignin. 

Results: Trichoderma reesei, ATCC 26921, a commercial cellulase system, was immobilized onto silicon wafers and 
used as a substrate to measure forces involved in cellulase non-productive binding to lignin. Attraction forces 
between cellulase and lignin, and between cellulase and cellulose were compared using kraft lignin- and 
hydroxypropyl cellulose-coated tips with the immobilized cellulase substrate. The measured adhesion forces 
between kraft lignin and cellulase were on average 45% higher than forces between hydroxypropyl cellulose 
and cellulase. Specialized AFM tips with hydrophobic, -OH, and -COOH chemical characteristics were used with 
immobilized cellulase to represent hydrophobic, H-bonding, and charge-charge interactions, respectively. Forces 
between hydrophobic tips and cellulase were on average 43% and 13% higher than forces between cellulase with 
tips exhibiting OH and COOH groups, respectively. A strong attractive force during the AFM tip approach to the 
immobilized cellulase was observed with the hydrophobic tip. 

Conclusions: This work shows that there is a greater overall attraction between kraft lignin and cellulase than 
between hydroxypropyl cellulose and cellulase, which may have implications during the enzymatic reaction 
process. Furthermore, hydrophobic interactions appear to be the dominating attraction force in cellulase binding to 
lignin, while a number of other interactions may establish the irreversible binding. 

Keywords: Non-productive binding, Lignin, Enzymatic hydrolysis. Atomic force microscopy, Cellulase 



Background 

Efficient enzymatic hydrolysis of component cellulose to 
glucose is critical for the production of bioethanol from 
lignocellulose biomass [1]. Lignocellulose biomass is a 
complex material consisting of cellulose, hemicellulose, 
and lignin. The structure of lignocellulose has evolved 
to protect the cell wall from microbial attack, which is 
known as biomass recalcitrance. A pretreatment process 
is often employed prior to the enzymatic hydrolysis re- 
action to alter the physical and chemical structure of 
lignocellulose, to increase the cellulose to glucose conver- 
sion. Currently pretreatment technology cannot effectively 



^Correspondence: kclarke(5)unb.ca 

^Department of Chemical Engineering, University of New Brunswick, 2 
Garland Court, Incutech Complex, Fredericton, NB E3B 5A3, Canada 
Full list of author information is available at the end of the article 



overcome highly recalcitrant material such as forest bio- 
mass, in which physical and chemical barriers such as lig- 
nin are hard to remove without a significant amount of 
energy input [1,2]. 

Lignin is a complex, cross-linked aromatic and hydro- 
phobic polymer consisting of phenylpropane units, that 
is, guaiacyl propanol, /^-hydroxyphenyl propanol, and syrin- 
gyl propanol. The lignin components are then joined to- 
gether by C-C and aryl-ether linkages with a number of 
functional groups, including methoxy groups, phenolic hy- 
droxyl groups, and side terminal aldehyde groups [3,4]. 
Variation is seen within the composition, bonding types, 
and functional groups of lignin and is ultimately dependent 
upon the biomass species. This variation will attribute to 
the recalcitrant characteristic of lignin. Within lignocellu- 
lose biomass, lignin is physically and chemically in close 
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association with hemicellulose and cellulose, providing 
structural support and impermeability to the cell wall, 
thus creating a physical and chemical barrier [3]. In the 
enzymatic hydrolysis of the lignocellulose process, lig- 
nin will not only physically block cellulase enzymes, but 
also adsorb them causing a process known as non- 
productive binding [5]. 

Previous studies have shown that the addition of lignin 
to a pure cellulose substrate can reduce sugar release by 
up to 60% during the enzymatic hydrolysis reaction [6]. 
Inhibition of the hydrolysis reaction can be attributed to 
chemical interference, as physical blocking of enzymes 
by lignin within these experimental conditions is consid- 
ered insignificant. This inhibition has been attributed to 
enzyme binding with lignin, which reduces the overall 
enzyme activity and immobilizes some of the free en- 
zymes so that they are no longer accessible to cellulose 
[6-8]. The impact of lignin on cellulose degradation was 
studied by Seawalt et al using cellulosic hydrogels [9]. 
Untreated hardwood lignin and hydroxypropylated lig- 
nin (with blocked lignin phenolic groups) were added to 
the hydrogel cellulose hydrolysis reaction, to illustrate 
that the untreated lignin reduced hydrolysis significantly 
more than hydroxypropylated lignin, thus suggesting 
that the phenolic groups of lignin mediated the favorable 
enzyme-lignin interaction. Interactions between lignin- 
phenolic groups and cellulase enzymes were also found 
by other researchers [6,10-13], as they attributed the non- 
productive binding to hydrophobic interactions between 
cellulase and lignin. Berlin et al [14] also investigated the 
non-productive binding via nuclear magnetic resonance 
(NMR) to compare the physical and chemical properties 
of various lignin preparations and study the inhibition of 
each substrate. While results obtained by Berlin et al were 
consistent with the theory that hydrophobic interactions 
play a major role in non-productive binding, they further 
suggested that the presence of charged or partially charged 
functional groups on both lignin and the enzyme surface 
could also promote lignin-enzyme interactions. 

To date, all studies of non-productive binding between 
lignin and cellulase enzymes have focused on gross ad- 
sorption throughout the enzymatic hydrolysis reaction 
to explain the binding interaction. A direct binding ex- 
periment would better elucidate what functional group 
interactions are involved in non-productive binding and 
their relative importance. 

Atomic force microscopy (AFM) can be utilized to evalu- 
ate the interactive forces between cellulase and lignin. Un- 
like other methods which have been used to study non- 
productive binding, AFM has the unique ability to directly 
measure specific force interactions. AFM measures the 
force between a tip (located on the end of a thin cantilever) 
and a surface. Interactions between the tip and the surface 
will cause cantilever deflections, which are recorded on a 



high-precision optical detector [15,16]. Using Hookes law, 
the magnitude of the interaction force can be deter- 
mined from the stiffness of a cantilever, /c, and the canti- 
lever deflection. Furthermore, the AFM probe can be 
manipulated or designed to have specific chemical or even 
biochemical characteristics, giving AFM the unique ability 
to measure force interactions between specified materials 
and/or molecules. 

Previously AFM has been used to study the binding 
mechanism of the carbohydrate-binding module (CBM) 
to cellulose [17-19]. Zhang et al [19] developed an AFM 
functionalized tip which contained a modified CBM unit 
for single molecule dynamic force spectroscopy (SMDFS). 
This method studies the specific interactions between a 
single CBM molecule and cellulose, from which the dy- 
namic and kinetic parameters can be determined. The 
SMDFS method using a CBM functionalized tip has 
provided novel information of the mechanism behind cel- 
lulase and cellulose interactions. However, this method 
cannot be used to study the non-productive binding be- 
tween cellulase and lignin. When non-specific interactions 
are made between the CBM and substrate, the bridge re- 
quired for the SMDFS method is not formed, thus the top 
peak of the oscillation curve is not affected and the inter- 
action is not measured. 

The objective of this investigation was to determine 
the interactive forces between lignin and cellulase in 
order to better understand the non-productive binding 
phenomenon. Forces between a relatively large 4.5 (im 
particle tip and immobflized ceUulase are measured with 
AFM to obtain the adhesion and attraction forces between 
two substrates. The large particle tip allows for numerous 
interaction sites between the substrate and cellulase, as 
cellulase enzymes are estimated to be approximately 5 to 
10 nm in size [20-22]. Cellulase enzymes are not immobi- 
lized in any specific orientation, as the cellulase enzyme 
may approach the substrate at any orientation within a 
cellulase solution. 

The utilized enzyme system within this study is a simpli- 
fication of the enzymatic process to produce glucose from 
biomass. In reality cellulases are completely free within the 
system and their location at any moment will be governed 
by the thermodynamics of the system. This simplification 
of the lignocellulose reaction is to focus on the fundamen- 
tal interactions involved in lignin-enzyme binding. 

Lignin is added to the hydrolysis reaction of a model 
cellulose substrate to confirm non-productive binding 
through observing changes in the rate and quantity of 
glucose released. AFM is then utilized to study the in- 
teractions that occur during non-productive binding 
between cellulase and lignin. Kraft lignin- and hydroxy- 
propyl cellulose-coated AFM tips are used in conjunc- 
tion with the immobflized cellulase system to measure 
the interactive forces between ceflulase and lignin, and 
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between cellulase and cellulose. The mechanism of non- 
productive binding is further studied by measuring non- 
specific interactions between the immobilized cellulase 
system and AFM particle tips functionalized with moi- 
ety groups. Such tips include hydrophobic polystyrene 
(PS) tips, PS tips coated with free hydroxyl groups, and 
PS tips coated with carboxylic groups, in order to com- 
pare hydrophobic, H-bonding, and charge-charged in- 
teractions, respectively. 

Results and discussion 

Chemical inhibition of lignin during cellulose enzymatic 
hydrolysis 

Kraft lignin was added to the cellulose enzymatic hy- 
drolysis reaction to demonstrate the chemical inhibition 
of lignin. The ratios of cellulose to lignin were chosen to 
demonstrate practical lignin content within a biomass 
sample and how it will affect the chemical inhibition. 
Untreated lignocellulose substrate will contain a ratio of 
cellulose to lignin of approximately 2:1, whereas biomass 
undergoing a pretreatment aimed at removing lignin will 
generally increase the ratio to somewhere between 4:1 
and 10:1, and biomass undergoing an acidic pretreat- 
ment to remove hemicellulose will decrease the cellulose 
to lignin ratio below 2:1. 

Figure 1 illustrates the changes in the effectiveness of 
enzymatic hydrolysis as lignin is added to the hydrolysis 
reaction. The cellulose to lignin ratio of 1:1 has the greatest 
inhibitory effect, reducing enzymatic hydrolysis by 33% 
and 26% after 1 and 24 h, respectively. A 2:1 ratio of cellu- 
lose to lignin is shown to decrease glucose yields by 20%, 
and the reactions with a ratio of 4:1 and 10:1 demonstrated 
a decrease of approximately 11 to 14% and 3 to 10%, re- 
spectively. The trend that the greatest lignin amount will 




Figure 1 Cellulose conversion of SBKP substrate throughout 
enzymatic hydrolysis with varying amounts of Kraft Lignin 
added to the reaction. SBKP, softwood bleached kraft pulp. 

v J 



have the least cellulose conversion is as expected, as more 
lignin will bind with an increase of cellulase enzymes. Lig- 
nin inhibition within lignocellulose substrates will differ 
from these results, as in this study lignin was added to the 
solution and was not located throughout the lignocellulose 
structure. Our previous study [23] has shown that un- 
treated softwood substrates (1.7:1 cellulose to lignin ratio) 
had an enzymatic conversion of 85% lower than a softwood 
substrate with all lignin removed. 

Lignin concentration and type have been shown to simi- 
larly affect hydrolysis inhibition [6-8,24]. For instance, Lu 
et al [8] demonstrated that pretreated softwood with a 
higher ratio of cellulose to lignin (11:1) was much more 
digestible (95% conversion) than a low cellulose to lignin 
ratio substrate (1:1, 45% conversion), and Berlin et al [7] 
demonstrated that softwood lignin decreased hydrolysis of 
filter paper by approximately 10%, whereas hardwood lig- 
nin decreased the hydrolysis of filter paper by only 2%, 
with a cellulose to lignin ratio of 7:1. 

Cellulase immobilization 

A commercial cellulase system from Trichoderma reeseU 
ATCC 26921, was immobilized onto freshly cleaned silicon 
(Si) wafers. Si wafers were in 0.10 mg/mL cellulase solution 
concentrations for varying amounts of time, to determine 
a suitable time period to produce a relatively even layer of 
enzymes on the wafer surface. Immobilization of cellulase 
on the wafer was confirmed with AFM topography im- 
aging (supporting information in Additional file 1: 1 (im x 
1 (im three-dimensional AFM topography images of clean 
Si wafer, T, reeseU ATCC 26921, immobilized on a Si wafer 
for 10 min, 20 min, and 1 h). After 10 min of Si wafer 
incubation within the cellulase solution there were 
spaces on the wafer which were not covered with immo- 
bilized protein (root mean square (RMS) = 1.4 ± 0.6 nm) 
and after 1 h of incubation there were proteins over 
layers (RMS = 4.2 ± 4.8 nm). An incubation time of 20 
min of Si wafer within the cellulase solution produced 
what appeared to be a relatively even layer of protein or 
enzyme on the Si surface (RMS = 1.3 ± 0.3 nm), thus this 
incubation time was used for the proceeding laboratory 
work. It should be noted that the enzymes are within 
the correct size range of about 5 nm. 

Immobilization of a cellulase system from T. reesei, 
ATCC 26921, was executed using a method developed by 
Tebeka et al [25]. This study varied the incubation time 
and concentration of the cellulase solution. Tebeka et al 
immobilized the same cellulase system to determine the 
adsorption behavior and cellulase activity for the use of 
immobilized cellulase for enzyme recyclability. The cel- 
lulase system immobilized using this technique was 
shown to retain about 80% of its catalytic activity when 
compared to free cellulase with the same protein con- 
centration. This suggested that the secondary structure 
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and chemical characteristics of the cellulase proteins are 
maintained using this technique. The physical adsorption 
of the cellulolytic cocktail may favor specific enzyme com- 
ponents. However, as a high level of the enzymatic activity 
was retained it is reasonable to assume that most cellulo- 
lytic components have been immobilized, although specific 
adsorbed cellulase components have not been measured 
due to the complex procedures it would require. 

Cellulase adhesion to pure lignin and pure cellulose 
substrate 

Lignin- and cellulose-coated tips were used in conjunc- 
tion with the Si wafer containing the immobilized cellu- 
lase via AFM to measure the forces between lignin and 
cellulase, and between cellulose and cellulase. Represen- 
tative force curves between hydroxypropyl cellulose and 
cellulase, and between kraft lignin and cellulase are shown 
in Figure 2a, b. A representative force curve between an 
uncoated PS tip and the immobilized Celluclast is also 
shown in Figure 2c. The differences in the representative 
force curves observed from the uncoated tip and from 
both the lignin- and cellulose-coated tips confirm that 
both the lignin and cellulose were coated on the PS par- 
ticle. There may be differences in the surface roughness 
of the coated and uncoated tips, which may account for 
the difference in the magnitude of the measured adhe- 
sion forces. Changing the smoothness of the tip will in 
turn change the contact area between the tip and sur- 
face, which subsequently changes the measured force 
[26]. Therefore, scanning electron micrograph (SEM) 
images were obtained (available in Additional file 2), 
and they indicate that the layer of cellulose and lignin 
on the tip are relatively even and thin. This warrants 
an assumption that the lignin- and cellulose-coated 



particle tips are similar in roughness, so the force values 
from the two tips are directly compared for different 
types of interactions. 

Force measurements were obtained at room temperature 
throughout this work. Although enzymatic hydrolysis is 
normally carried out at 50°C, it has been previously shown 
that enzymes are still very active within the temperature 
range of 15 to 50°C with slower kinetics due to lower en- 
ergy within the system and not changes within the enzyme 
conformation [27-29]. Therefore, force measurements were 
obtained at room temperature for easier operation. It 
should be noted that this may cause minor differences 
compared with the actual enzymatic hydrolysis condition. 

Force curves obtained from cellulose- and lignin-coated 
tips are very similar upon approach of the cellulase sur- 
face. However, upon retraction, adhesion seen between 
the lignin and the cellulase substrate is significantly larger 
than that between cellulose and the cellulase substrate. 
Adhesion forces between the tip and substrate are deter- 
mined from the force required to pull the tip away from 
the substrate, after the tip and substrate have made con- 
tact. This is illustrated by the maximum negative y-axis 
values seen within the retraction curve. 

The distribution and frequency of adhesion forces be- 
tween hydroxypropyl cellulose and immobilized cellulase, 
and between kraft lignin-coated tips and immobilized cel- 
lulase are shown in Figure 3. There were significant differ- 
ences seen in the measured forces between kraft lignin 
and cellulase, and those between hydroxypropyl cellulose 
and cellulase. Forces measured with lignin-coated tips ex- 
hibited a force peak at 0.22 nN and the forces measured 
with the cellulose-coated tips exhibited a peak at 0.16 nN. 
The average measured adhesion forces between lignin and 
cellulase (0.45 ± 0.52 nN) was approximately 44% higher 
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Figure 2 Representative AFM force curves between the immobilized cellulase system and cellulose-coated tip, lignin-coated tip, and 


uncoated polystyrene tip. (a) Cellulose-coated tip, (b) lignin-coated tip, and (c) uncoated polystyrene tip. AFM, atomic force microscopy. 
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Figure 3 Histogram of AFM measured forces between tiie immobilized cellulase system and lignin-coated tip and cellulose-coated tip. 

(a) Lignin-coated tip and (b) cellulose-coated tip. AFM, atomic force microscopy. 



than the average adhesion force between cellulose and cel- 
lulase (0.25 ± 0.45 nN). A ^-test was performed on the 
populations and resulted in a P <0.001, indicating a signifi- 
cant difference between the measured adhesion forces 
with lignin-coated tips and cellulose-coated tips. 

Differences in the force interactions of kraft lignin and 
hydroxypropyl cellulose with cellulase can be attributed 
to the chemical characteristics of the substrates involved. 
Lignin is a complex hydrophobic aromatic polymer, with 
varying side-chains allowing for different chemical interac- 
tions, while cellulose is a simple hydrophilic linear polymer, 
comprised of only glucose molecules. The hydrophilic pro- 
file of cellulose has been known to vary due to the strong 
hydrogen bonds between cellulose chains [30,31]. Further- 
more, the cellulose and lignin substrate used within this 
study are a simplification of the lignocellulose polymers 
with results that may be different than in lignocellulose 
enzymatic reaction conditions. The cellulase system used 
within the system is a commercial product that is com- 
monly used for cellulose hydrolysis. The surface chemical 
characteristics of immobilized cellulase within the system 
will vary by the specific cellulase protein. Proteins generally 
have a hydrophobic core and a hydrophilic surface, which 
interacts with the aqueous environment they are produced 
within [32]. However, cellulase databases have shown cellu- 
lase enzymes to be relatively rich in surface hydrophobic 
amino acid residues, thus the surface of most cellulase en- 
zymes appear to have a random and uniform distribution 
of hydrophobic amino acids [33,34]. Furthermore, the sur- 
face of cellulase proteins has been described to be less 
polar than water. Cellulase surfaces are also rich in hy- 
droxyl groups and carboxylic groups, capable of forming 
multiple bond types, including hydrogen bonds, charged, 
and partially charged interactions [33]. The capability of 
cellulase to form multiple bond types may explain not only 
the strong attractions between lignin and cellulase, but also 
the large adhesion forces. Determination of the functional 
group interactions involved in the non-specific attraction 



will provide a better understanding of the mechanism of 
non-productive cellulase binding with lignin. 

Moiety group interactions 

Particle tips with specialized chemistry were used to in- 
vestigate the force interactions which may contribute to 
binding of cellulase to lignin. Representative force curves 
between the immobilized cellulase system and hydropho- 
bic, OH-coated, and COOH-coated tips are presented in 
Figure 4. Force curves between a PS tip and immobilized 
cellulase illustrate a strong attraction and adhesion force 
(Figure 4a). When the approaching hydrophobic tip is 
about 50 nm from the cellulase, an attractive force pulls 
the tip onto the immobilized cellulase substrate. As cellu- 
lase has been previously discussed to be less polar than 
water [33], the pull of the hydrophobic tip to the cellulase 
surface is reasonable, as this change will decrease the 
overall Gibbs free energy and make the system more 
thermodynamically favorable. The adhesion force demon- 
strated as the tip retracts from the surface is about 2.1 nN. 
Forces between an OH tip and cellulase under the current 
conditions do not exhibit an attraction force and the adhe- 
sion force upon tip retraction is less than 1 nN (Figure 4b). 
The partially charged COOH tip exhibits a small attractive 
force at a distance of about 10 nm and the adhesion force 
upon tip retraction of about 1.8 nN (Figure 4c). The at- 
tractive forces are of interest as they may play a role in 
bringing the enzyme into contact with lignin. Attractive 
forces between the hydrophobic tip and cellulase are illus- 
trated at a larger distance than between the COOH tip 
and cellulase. 

The distribution and frequency of adhesion forces 
between immobilized cellulase and different moiety group 
tips, including hydrophobic, OH, and COOH tips, are dis- 
played in Figure 5. The corresponding force averages be- 
tween cellulase and the mentioned moiety groups were 
2.3 ± 0.84 nN, 1.3 ± 0.79 nN, and 2.0 ± 2.44 nN, for cellu- 
lase interactions with hydrophobic, OH, and COOH tips. 
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respectively. Adhesion forces between the hydrophobic tip 
and cellulase were 43% and 13% higher than forces mea- 
sured by OH- and COOH-coated tips, respectively. When 
comparing the average adhesion forces, hydrophobic- 
cellulase interactions were the largest. The high variation 
seen with the COOH tip may be due to the fact that this 
partially charged group can produce ionic interactions, 
charge-charge interactions, and H-bonding interactions, 
which increase force variation. From the histograms, the 
median adhesion force was determined as the peak on the 
force distribution histograms with median adhesion forces 
at 3.0 nN, 2.0 nN, and 0.8 nN, for cellulase interactions 
with hydrophobic, OH, and COOH tips, respectively. An 



analysis of variance (ANOVA) was performed to deter- 
mine if there was any significant difference between the 
groups, which resulted in P <0.001. To directly compare 
the adhesion forces between the hydrophobic tip and the 
OH tip, and also between the hydrophobic tip and the 
COOH tip, directed ^-tests were performed, in which 
P <0.01 and P = 010 were obtained, respectively. Thus, 
there was only a significant difference between measure- 
ments obtained with the hydrophobic and OH tip. 

All three moiety groups exhibited strong adhesion 
forces with the cellulase system as measured with AFM. 
Thus, upon contact of the moiety groups and the cellu- 
lase enzymes there were strong interactions between the 
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Figure 5 Histogram of AFM measured adhesion forces between the immobilized cellulase system and hydrophobic (polystyrene) tip, 
OH chemically modified tip, and COOH chemically modified tip. (a) Hydrophobic (polystyrene) tip, (b) OH cliemically modified tip, and (c) COOH 
cliemically modified tip. AFM, atomic force microscopy. 
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two substrates. This is reasonable, since where the two 
substrates are close enough van der Waal forces will be- 
come effective as well The initial attraction force may 
be of most importance in the process of non-productive 
binding of cellulase to lignin. These initial forces will 
bring the cellulase and lignin into contact and then a 
variety of interactions may keep them adhered together. 
From the current results, it is seen that hydrophobic in- 
teractions have relatively strong and long-range attrac- 
tion forces to cellulase. Although the other interactions 
measured do not exhibit a long-range attraction force or 
attractive force at all under current conditions this does 
not mean that the attraction force is not present. It does, 
however, imply that if an attraction force is present, it is 
not as strong as the hydrophobic-cellulase attraction. 
This is in agreement with previous results, where the 
addition of surfactant to the lignocellulose hydrolysis re- 
action resulted in lignin hydrophobic sites being blocked 
and with a corresponding decrease in non-productive 
binding [6,9,10]. This is also in line with the fact that the 
hydrophobic surface characteristics of cellulase have 
evolved to attract cellulose [33-35], as cellulose obtained 
in nature often exhibits hydrophobic characteristics [30]. 

It should be noted that the cellulase system is complex 
and the AFM force measurements are tedious. The 
current result cannot be directly translated to any specific 
lignocellulose hydrolysis systems. More work is needed 
within this area to better understand the mechanism of 
non-productive enzyme binding and to minimize adsorp- 
tion effects. The interactions of lignin with other cellulase 
cocktails and single component enzymes should be evalu- 
ated, along with varying conditions, such as temperature, 
pH, and ionic strength, to determine how these variables 
affect non-productive binding and if there is a consistent 
mechanism across varying conditions. Different types of 
lignin preparations should be evaluated as well. 

Conclusions 

Kraft lignin was shown to inhibit cellulose enzymatic 
hydrolysis by up to 30% through enzyme binding. AFM 
measurements show that within a simplified lignocellu- 
lose hydrolysis environment, adhesion forces between 
kraft lignin tips and cellulase were on average 44% 
larger than those between hydroxypropyl cellulose tips 
and cellulase. To understand the mechanism of non- 
productive enzyme binding, AFM force measurements be- 
tween the immobilized cellulase and specialized tips which 
carried specified moiety groups were performed. Inter- 
action forces between hydrophobic tips and cellulase were 
shown to have the highest adhesion, and were 13% and 
43% higher than the average adhesion forces from COOH- 
and OH-coated tips, respectively. Also, the hydrophobic 
tips used under the current experimental conditions ex- 
hibited attractive forces when the tip was 50 nm away 



from the immobilized cellulase substrate. The results in- 
dicate that within this simplified enzymatic hydrolysis 
system the hydrophobic-hydrophobic interaction is a 
major feature in the so-called non-productive binding of 
cellulase to lignin. 

Methods 

Materials 

Softwood bleached kraft pulp (SBKP) was obtained from 
commercial pulp board. Hydroxypropyl cellulose (average 
MW = 80,000) and water soluble, low sulfonate kraft lignin 
(MW = 10,000) was purchased from Sigma- Aldrich (St 
Louis, MO, USA). Electronic industry grade <100>and 
highly polished Si wafer, diced into 5x7 mm Si chips, was 
purchased from SPI Supplies (West Chester, PA, USA). 

Enzymatic hydrolysis 

Cellulose enzymatic hydrolysis was carried out using 
Celluclast 1.5 L and Novozyme 188, with loadings of 15 
FPU/g cellulose and 22.5 CBU/g cellulose, respectively. 
Next, 20 mg/g cellulose of sodium azide was added to 
the reaction system to prevent bacterial growth. The re- 
action system had a substrate consistency of 2% (w/w) in 
0.05 M sodium citrate buffer (pH 4.8) and was placed 
within a shaking incubator (model 4450; Thermo Fisher 
Scientific, Waltham, MA, USA) at 200 rpm and 50°C. Hy- 
drolysis was stopped after a time period of 1 or 24 h. En- 
zymes were then deactivated by boiling the hydrolysis 
system for 5 min. Solution from the reaction was sepa- 
rated from the remaining solids via suction filtration. 
SBKP was used as a model cellulose substrate for enzym- 
atic hydrolysis. Kraft lignin was added at varying concen- 
trations to the enzymatic cellulose hydrolysis reaction. 

Cellulose conversion to glucose was determined after 
the reaction period by measuring filtrate glucose con- 
centration. Filtrate was collected after the reaction and 
measured for glucose concentration with the YSI 2700 
analyzer (YSI, Yellow Springs, OH, USA). From the mass 
balance, original cellulose content, and amount of glu- 
cose produced, the percentage of cellulose conversion to 
glucose was determined. 

Cellulase immobilization 

The cellulase system from T. reesei, ATCC 26921 (pur- 
chased from Sigma- Aldrich), was immobilized onto Si 
chips, by a method adapted from Tebeka et al [25]. Si 
chips were washed, as described elsewhere [36]. Immedi- 
ately after washing, chips were incubated at 50°C, with 
0.10 mg/mL Celluclast concentrations in 0.05 M sodium 
citrate buffer (adjusted to a pH of 6.5 with a 1.0 M sodium 
hydroxide solution), for various times. The Si chips were 
then immediately rinsed well with distilled water and dried 
overnight within a desiccator. Prior to immobilization the 
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cellulase solution was centrifuged at 3,000 ^ for 10 min, to 
remove any particles or cell debris within the solution. 

Atomic force microscopy (AFM) probes 

Particle PS probes were purchased from Novascan (Ames, 
lA, USA) for all force measurements within this experi- 
ment. All particle tips had a nominal spring constant of 
0.06 N/m and a 4.5 [im radius, with a Si nitride cantilever. 
PS tips with COOH and OH surface chemistry were 
chemically modified at Novascan, where the tips were 
coated in gold, then the surface was modified with alka- 
nethiols to produce COOH- and OH-coated probes. Hy- 
droxypropyl cellulose- and kraft lignin-coated tips were 
produced by dip-coating the PS tips in hydroxypropyl cel- 
lulose and Kraft lignin solutions, respectively, as previ- 
ously described [37]. 

AFM force measurements 

Forces between substrates were obtained from force- 
distance curves measured using the MFP-3D™ AFM 
(Asylum Research, Santa Barbara, CA, USA) in contact 
mode. All force measurements were carried out at room 
temperature (approximately 22°C) in 0.05 M sodium cit- 
rate buffer (pH 4.8). PS and modified PS tips were used 
for force measurements with immobilized Celluclast 1.5 
L. The actual spring constant of the cantilevers was cal- 
culated from the thermal noise of the cantilever with the 
built-in function of the MPF-3D software. Cantilever 
sensitivity was recalibrated by pushing the AFM tip 
against the surface of a glass slide in 0.05 M sodium cit- 
rate buffer. A relative force trigger of 0.200 V, a set point 
of 1.0 V, and a force distance of 1.0 [im were used within 
all AFM force measurements to reduce measurement 
variability. As the force trigger, set point, and force dis- 
tance were consistent among each force measurement 
and each tip contained the same size radius and spring 
constant, the obtained forces did not need to be con- 
verted to work for direct comparison. 

The Si chips containing immobilized cellulase were 
glued to glass slides with a ceramic adhesive 24 h prior 
to force measurements. Within each experiment or set 
of force measurements, a new tip (or modified tip) and 
freshly immobilized cellulase were used in order to avoid 
contamination. There were at least 300 force measure- 
ments obtained for each measurement type, from three 
different tips and immobilized cellulase wafers. 

AFM topography imaging 

AFM topography images of Si chips and immobilized 
enzymes on Si chips were obtained using the MFP-3D 
AFM, in air, non-contact tapping mode. A set point of 
500 mV and an integrated gain of 5.0 were chosen for 
optimizing images. Olympus AC240TS probes (Olympus 
Corporation, Tokyo, Japan) were used for all topography 



images. RMS values were calculated using the MFP-3D 
AFM software from four 1x1 \im images for the aver- 
ages given in the cellulase immobilization section. 

Additional files 



Additional file 1: Three-dimensional AFM topography images of 
1 Hm X 1 nm, with a 50 nm height bar of (a) clean Si wafer 
(RMS = 0.1 02 nm), Trichoderma reesei, ATCC 26921, immobilized on 
a Si wafer for (b) 10 min (RMS = 2.08 nm), (c) 20 min (RMS = 1.72 
nm), and (d) 1 h (RMS = 2.07 nm). (e) ANOVA results for RMS values of 
Si immobilized for varyir^g times. AFM, atomic force microscopy; ANOVA, 
analysis of variance; RMS, root mean square. 

Additional file 2: SEM images of (a, b) cellulose-coated particle tip 
and (c, d, e) lignin-coated particle tip. SEM, scanning electron 
micrograph. 



Abbreviations 

AFM: Atomic force microscopy; ANOVA: Analysis of variance; 

CBM: Carbohydrate-binding module; CBU: Cellobiase unit; FPU: Filter paper 

unit; MW: Molecular weight; NMR: Nuclear magnetic resonance; 

PS: Polystyrene; RMS: Root mean square; SBKP: Softwood bleached kraft pulp; 

SEM: Scanning electron micrograph; Si: Silicon; SMDFS: Single molecule 

dynamic force spectroscopy.. 

Competing interests 

The authors declare that they have no competing interests. 
Authors' contributions 

CQ was involved in sample preparation. AFM undertook methodology 
establishment and exploration. KC was involved in the study conception, 
designed and coordinated the study, drafted the manuscript, and carried out 
the major laboratory work. KL was involved in the study conception and 
design, and drafted the manuscript. All authors revised the manuscript, and 
read and approved the final manuscript. 

Acknowledgements 

Financial support of the National Sciences and Engineering Research Council 
of Canada Strategic Project Grant (NSERC-SPG), Irving Paper, and Resolute 
Forest Products, Canada, are gratefully acknowledged. 

Author details 

^College of Light Industry and Food Engineering, Guangxi University, 100 
University Road, Nanning, Guangxi Province 530004, PR China. ^Department 
of Chemical Engineering, University of New Brunswick, 2 Garland Court, 
Incutech Complex, Fredericton, NB E3B 5A3, Canada. 

Received: 15 January 2014 Accepted: 3 April 2014 
Published: 17 April 2014 

References 

1. Wyman CE: What is (and is not) vital to advancing cellulosic ethanol. 

Trends Biotechnol 2007, 25:153-156. 

2. Himmel ME, Ding SY, Johnson DK, Adney WS, Nimlos MR, Brady JW, Foust TD: 
Biomass recalcitrance: engineering plants and enzymes for biofuels 
production. Science 2007, 315:804-807. 

3. Perez J, Munoz-Dorado J, de la Rubia T, Martinez J: Biodegradation and 
biological treatments of cellulose, hemicellulose and lignin: an overview. 
Int Microbiol 2002, 5:53-63. 

4. Kadia J, Kubo S: Miscibility and hydrogen bonding in blends of poly 
(ethylene oxide) and kraft lignin. Macronnolecules 2003, 36:7803-781 1. 

5. Ooshima H, Burns DS, Converse AO: Adsorption of cellulase from 
Trichoderma reesei on cellulose and lignacious residue in wood 
pretreated by dilute sulfuric acid with explosive decompression. 
Biotechnol Bioeng 1990, 36:446-452. 

6. Seawalt VJH, Glasser WG, Beauchemin KA: Lignin impact on fiber 
degradation. 3. Reversal of inhibition of enzymatic hydrolysis by 



Qin et at. Biotechnology for Biofuels 2014, 7:65 
http://www.biotechnologyforbiofuels.conn/content/7/1/65 



Page 9 of 9 



chemical modification of lignin and by additives. J /\gr/c Food Chem 1997, 
45:1823-1828. 

7. Berlin A, Gilkes N, Kurabi A, Bura R, Tu M, Kilburn D, Saddler J: Weal< 
lignin-binding enzymes. AppI Biochem Biotechnol 2005, 163:121-124. 

8. Lu Y, Yang B, Gregg D, Saddler J, Mansfield SD: Cellulase adsorption and 
an evaluation of enzyme recycle during hydrolysis of steam-exploded 
softwood residues. AppI Biochem Biotechnol 2002, 98-100:641-654. 

9. Seawalt VJH, Od 0, Glasser WG, Fontenot JP: Lignin impact on fibre 
degradation. 2. A model study using cellulosic hydrogels. J Sci Food Agric 
1996,71:204-208. 

10. Olsen SN, Bohlin C, Murphy L, Borch K, McFarland KC, Sweeny MD, Westh P: 
Effects of non-ionic surfactants on the interactions between cellulases 
and tannic acid: a model system for cellulase-poly-phenol interactions. 
Enzyme Microb Technol 201 1, 49:353-359. 

11. Tu M, Pan X, Saddler JN: Adsorption of cellulase on cellulolytic enzyme 
lignin from lodgepole p'me.J Agric Food Chem 2009, 57:7771-7778. 

12. Borjesson J, Engqvist M, Sipos B, Tjerneld F: Effect of poly (ethylene glycol) 
on enzymatic hydrolysis and adsorption of cellulase enzymes to 
pretreated lignocellulose. Enzyme Microb Technol 2007, 41:186-195. 

13. Zheng Y, Pan Z, Zhang R, Wang D, Jenkins B: Non-ionic surfactants and 
non-catalytic protein treatment on enzymatic hydrolysis of pretreated 
Creeping Wild Ryegrass. AppI Biochem Biotechnol 2008, 146:231-248. 

14. Berlin A, Balakshin M, Gilkes N, Kadia J, Maximenko V, Kubo S, Saddler J: 
Inhibition of cellulase, xylanase and beta-glucosidase activities by 
softwood lignin preparations. J Biotechnol 2006, 125:198-209. 

1 5. Binnig G, Quate CF: Atomic force microscope. Phys Rev Lett 1 986, 56930-933. 

1 6. Meyer E: Atomic force microscopy. Prog Surf Sci 1 992, 41 :3-49. 

17. Zhang M, Chen G, Kumar R, Xu B: Mapping out the structural changes of 
natural and pretreated plant cell wall surfaces by atomic force 
microscopy single molecular recognition imaging. Biotechnol Biofuels 
2013, 6:147. 

18. Zhang M, Wang B, Xu B: Measurements of single molecular affinity 
interactions between carbohydrate-binding modules and crystalline 
cellulose fibrils. Phys Chem Chem Phys 2013, 15:6508-6515. 

19. Zhang M, Wu SC, Zhou W, Xu B: Imaging and measuring single-molecule 
interaction between a carbohydrate-binding module and natural plant 
cell wall cellulose. J Phys Chem B 2012, 1 16:9949-9956. 

20. Grethlein HE: The effect of pore size distribution on the rate of enzymatic 
hydrolysis of cellulosic substrates. Not Biotechnol 1985, 3:155-160. 

21 . Wong KKY, Deverell KF, Mackie KL, Clark TA, Donaldson LA: The relationship 
between fiber-porosity and cellulose digestibility in steam-exploded 
Pinus radiata. Biotechnol Bioeng 1988, 31:447-456. 

22. Chandra RP, Bura R, Mabee WE, Berlin A, Pan X, Saddler JN: Substrate 
pretreatment: the key to effective enzymatic hydrolysis of 
lignocellulosics? Adv Biochem Eng Biotechnol 2007, 108:67-93. 

23. Li X, Clarke K, Li K, Chen A: The pattern of cell wall deterioration in 
lignocellulose ifbers throughout enzymatic cellulose hydrolysis. 
Biotechnol Prog 2012, 28:1389-1399. 

24. Mooney C, Mansfield SD, Touhy M, Saddler J: The effect of initial pore 
volume and lignin content on the enzymatic hydrolysis of softwoods. 
Bioresour Technol 1 998, 64:1 1 3-1 1 9. 

25. Tebeka IRM, Silva AGL, Petri DFS: Hydrolytic activity of free and 
immobilized cellulase. Langmuir 2009, 25:1582-1587. 

26. Butt H-J, Cappella B, KappI M: Force measurements with the atomic force 
microscope: Technique, interpretation and applications. Surf Sci Rep 2005, 
59:1-152. 

27. Colussi F, Garcia W, Rosseto FR, de Mello BL, de Oliveira Neto M, Polikarpov I: 
Effect of pH and temperature on the global compactness, structure, and 
activity of cellobiohydrolase Cel7A from Trichoderma harzianum. Eur Biophys 

J 2012, 41:89-98. 

28. Wang QQ, Zhu JY, Hung CG, Zhan HY: Kinetics of adsorption, desorption, 
and re-adsorption of commercial endoglucanase in lignocellulosic 
suspensions. Biotechnol Bioeng 2013, 109:1965-1975. 

29. Bose S, Barnes CA, Petrich JW: Enhanced stability and activity of cellulase 
in an ionic liquid and the effect of pretreatment on cellulose hydrolysis. 
Biotechnol Bioeng 2012, 109:434-443. 

30. Sundari CS, Balasubramanian D: Hydrophobic surfaces in saccharide 
chains. Prog Biophys Mol Biol 1997, 67:183-216. 

31 . Kolpak FJ, Blackwell J: Determination of the structure of cellulose II. 
Macromolecules 1 976, 9:273-278. 



32. Petersen SB, Jonson PH, Fojan P, Peterson El, Peterson MTN, Hansen S, Ishak RJ, 
Hough E: Protein engineering the surface of enzymes. J Biotechnol 1 998, 
66:11-26. 

33. Gusakov AV, Sinitsyn AP, Berlin A, Markov AV, Ankudimova NV: Surface 
hydrophobic amino acid residues in cellulase molecules as a structural 
factor responsible for their high denim-washing performance. 
Enzyme Microb Technol 2000, 27:664-671. 

34. Gilkes N, Henrissat B, Kilburn D, Miller RCJ, WRA J: Domains in microbial 
B-1, 4-glycanases: sequence conservation, function, and enzyme families. 
Microbiol Rev 1991, 55:303-315. 

35. Goldstein MA, Takagi M, Hashida S, Shoseyov 0, Doi RH, Segel IH: 
Characterization of the cellulose-binding domain of the Clostridium 
cellulovorans cellulose-binding protein A. J Bocteriol 1993, 175:5762-5768. 

36. Petri DFS, Wenz G, Schunk P, Schimmel T: An improved method for the 
assembly of amino-terminated monolayers on Si02 and the vapor 
deposition of gold layers. Langmuir 1999, 15:4520-4523. 

37. Tan X, Li K: Adhesion forces between ligno-cellulose surfaces by atomic 
force microscopy. J Pulp Pap Sci 2008, 34:77-85. 



doi:1 0.1 186/1 754-6834-7-65 

Cite this article as: Qin et al.: Interactive forces between lignin and 
cellulase as determined by atomic force microscopy. Biotechnology for 
Biofuels 2014 7:65. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.biomedcentral.com/submit 



o 



BioMed Central 



